Abstract The spectrum of nucleon excitations is dominated by broad and overlapping resonances. Polarization observables in photoproduction reactions are key in the study of these excitations. They give indispensable constraints to partial-wave analyses and help clarify the spectrum. A series of polarized photoproduction experiments have been performed at the Thomas Jefferson National Accelerator Facility with the CEBAF Large Acceptance Spectrometer (CLAS). These measurements include data with linearly and circularly polarized tagged-photon beams, longitudinally and transversely polarized proton and deuterium targets, and recoil polarizations through the observation of the weak decay of hyperons. An overview of these studies and recent results will be given.
Introduction
The nucleon is a color-neutral object which consists of color-charged quarks and gluons. Quantum chromodynamics (QCD) is the fundamental theory of the strong interaction between quarks and gluons. Valuable information about QCD can be learned from nuclear spectroscopy; e.g. information about the internal degrees of freedom in a nucleon. Experiments, especially pion-nucleon scattering, have confirmed low-lying excited states predicted by quark models with three independent quark degrees of freedom. These models, however, predict an overabundance of higher-lying excited states compared to what has been observed until now [1] . Also, recent lattice QCD calculations [2] find a large number of not-yet-discovered nucleon resonances. To clarify the nucleon resonance spectrum is an important task in the study of QCD.
Nucleon resonances are short-lived, and the identification of resonances in partial-wave analyses of experimental data is complicated by their large width and overlap. Experimental cross sections are insufficient, and polarization observables are crucial to constrain these analyses. A complete set of certain polarization observables is necessary to unambiguously determine the amplitudes of the reaction. In the photoproduction of pseudoscalar mesons, a formally complete experiment requires at each energy and angle the measurement of at least eight carefully chosen observables [3] . In the photoproduction of two mesons, even more observables are needed [4] . It is also important to include in the analysis data from a variety of excitation and decay channels, as some of the missing states may couple only weakly to, e.g., the πN channel.
In the following, examples of recent photoproduction measurements of polarization observables from the CLAS Collaboration are presented. A similar overview has been given in [5] . These measurements include single pseudoscalar-meson, vector-meson, double-pion, and hyperon photoproduction off the proton and quasi-free off the bound neutron. The observables include single-and double-polarization observables with combinations of polarized beam, target, and the polarization of the recoiling baryon.
The experiments were performed in Experimental Hall B at the Thomas Jefferson National Accelerator Facility (JLab). The incident bremsstrahlung photon beams were energy-tagged [6] and either unpolarized, circularly, or linearly polarized. The photon beam irradiated the production target. Unpolarized liquid hydrogen and deuterium targets, as well as the newly developed polarized frozen-spin (FROST) [7] and HDice targets [8; 9] , have been used in these experiments. Final-state particles were detected in the CEBAF Large Acceptance Spectrometer (CLAS) [10] . Recoil polarization was accessable in hyperon-production measurements through the measurement of the decay-proton angular distribution in the parity-violating weak decay of hyperons.
Unpolarized Targets
The CLAS Collaboration has studied the photoproduction reactions γp → pπ 0 and γp → nπ + with linearly-polarized photons in an energy range from 1.10 to 1.86 GeV [11] . The beam asymmetry observable Σ has been obtained from the pion angular distributions with respect to the polarization direction of the linearly-polarized photon beam. The high statistics in these reactions allowed for precise constraints of partial-wave analyses. Resonance couplings have been extracted in fits of the SAID [12] analysis after including the new data set. The largest change from previous fits was found to occur for the 'well known' ∆(1700)3/2 − and ∆(1905)5/2 + resonances [11] . Polarization observables were also obtained in the hyperon-photoproduction reactions γp → K + Λ and γp → K + Σ 0 . Results include the Λ recoil polarization P from measurements with unpolarized photon beams [13; 14] as well as the polarization-transfer observables C x and C z with circularlypolarized beams [15] . These data were critical in a coupled-channel analysis by the Bonn-Gatchina group [16; 17] . In particular, the analysis found further evidence for the, at the time, poorly known N (1900)3/2 + resonance. This resonance is predicted by symmetric three-quark models, but is not expected to exist in earlier quark-diquark models. Preliminary hyperon-photoproduction data with linearly-polarized photons off an unpolarized proton target have been obtained up to W ≈ 2.2 GeV. Together with the recoil polarization of the hyperon, this gives access to five polarization observables: Σ, P , T , O x , and O z . Energy distributions of the preliminary results of the beam-recoil polarization observable O x for the K + Λ channel are shown in Fig. 1 .
Polarized Targets
An integral part of the experimental N* program at JLab are experiments off polarized protons [18; 19; 20; 21; 22] . The Jefferson Lab frozen spin target (FROST) was constructed for use inside CLAS to allow for the measurement of polarization observables with longitudinally-or transversely-polarized protons in the butanol target material [7] . First results from the FROST program have been published for the γp → π + n reaction [23] . The double-polarization observable E has been determined in the energy range from 0.35 to 2.37 GeV from data of circularly-polarized photons incident on longitudinally-polarized protons. A subset of the about 900 data points is shown in the three energy bins of Fig. 2 . Results from previous partial-wave analyses describe the new data at low photon energies reasonably well; at higher energies, however, significant deviations are observed. The data have been included in new analyses resulting in good descriptions of the data and in updated nucleon resonance parameters. One particularly interesting result is strengthened evidence for the poorly known ∆(2200)7/2 − resonance in improving the BonnGatchina fit at the highest energies [24] . The mass of the ∆(2200)7/2 − resonance is significantly higher than the mass of its parity partner ∆(1950)7/2 + , which is the lowest-mass ∆ * resonance with spin-parity J P = 7/2 + . The polarization observable E has also been measured in the γp → ηp reaction from threshold to W = 2.15 GeV [27] . Because η mesons have isospin zero, the reaction selects isospin-1/2 resonances in the nucleon resonance spectrum. Figure 3 shows the data and a fit with the Jülich-Bonn dynamical coupled-channel model. It has been shown in Ref. [27] that the observable E in η photoproduction is especially suited to disentangle electromagnetic resonance properties. Initial investigation of these results show pronounced changes in the description of this observable when these new CLAS data are included. The fit in Fig. 3 describes the data quite well without the need for an additional narrow resonance near 1.68 GeV, which was previously suggested [27] . FROST data from other single-pion photoproduction channels and for other observables are under ongoing analyses. Examples of preliminary angular distributions for the target T and beam-target F polarization observables in the reaction γp → π 0 p are shown in Fig. 4 . These observables are extracted from data with unpolarized and circularly-polarized photons off transversally-polarized protons, respectively. In the figure, the data are compared with present results of partial-wave analyses which do not include these preliminary data. Hyperon photoproduction reactions are also studied with data from FROST. Figure 5 shows preliminary results of the beam-target observable F . The data cover energies between W = 1.7 GeV and W = 2.3 GeV. The data are compared to prior results of analyses with the RPR-Ghent [29] , KAON-MAID [30] , and Bonn-Gatchina [26] models. As none of the models describe the data well the FROST data will provide important new constraints to the models. Many nucleon resonances in the mass region above 1.6 GeV decay predominantly through either π∆ or ρN intermediate states into ππN final states. Double-pion photoproduction allows the study of resonances that have no significant coupling to the πN channel with great potential to observe previously unobserved states. Many polarization observables are accessible in two-pion photoproduction off the nucleon [4] . The CLAS Collaboration was first to study the beam-helicity asymmetry I for the two-pion-photoproduction reaction. The measurements covered energies between W = 1.35 and 2.30 GeV [31] . The FROST group is working on the determination of twelve different polarization observables from γp → pπ + π − data. As example, preliminary results are shown in Fig. 6 for observables that are accessible in measurements with unpolarized (P x and P y ) and circularly-polarized (P x and P y ) photons off transversally-polarized protons. The data will strongly constrain coupled-channel analyses. Data have predominantly been taken off proton targets, and the new data from the FROST program will expand this data base over a large range of energy with many observables for polarized proton reactions. In constrast, data off neutrons are extremely sparse. However, measurements with both proton and neutron targets are needed to completely specify the amplitude of the reaction.
The CLAS collaboration has taken production data with circularly-and linearly-polarized photons off a polarized solid deuterium-hydride target (HDice) [8; 9] up to center-of-mass energies of W ≈ 2.3 GeV. The run conditions were optimized for polarized neutron reactions. The ongoing analyses of this run include single-and double-pion photoproduction and hyperon photoproduction off the bound neutron.
Conclusion
During the past years, knowledge of the baryon spectrum has increased greatly, as reflected in recent N and ∆ resonance updates in the Review of Particle Physics [32] . New polarized photoproduction data from CLAS off polarized and unpolarized proton and neutron targets are both under analysis and becoming available. These data will contribute to complete or nearly-complete experiments, and will challenge previously poorly constrained models. It is very likely that these data will have a tremendous impact on the understanding of baryon resonances and may provide evidence for new states found in coupled-channel analyses.
The quasi-real photon tagger for CLAS12 will allow to expand these photoproduction studies to higher beam energies with new experiments after the energy upgrade of JLab [33] .
